Spores of Bacillus species are formed in sporulation, a process that is generally triggered by starvation for one or more nutrients (13, 19) . These spores are metabolically dormant and extremely resistant to a large variety of environmental stresses, including heat, radiation, and toxic chemicals, and as a consequence of these properties, these spores can remain viable in their dormant state for many years (13, 18, 19) . However, spores are constantly sensing their environment, and if nutrients return, the spores can rapidly return to growth through the process of spore germination (17) . Spore germination is generally triggered by specific nutrients that bind to nutrient germinant receptors, with this binding alone somehow triggering germination. However, spore germination can also be triggered by many non-nutrient agents, including cationic surfactants such as dodecylamine, a 1:1 complex of Ca 2ϩ with pyridine-2,6-dicarboxylic acid (dipicolinic acid [DPA] , a major spore small molecule), very high pressures, specific peptidoglycan fragments, and bryostatin, an activator of Ser/Thr protein kinases (17, 19, 20) . For nutrient germinants in particular, spore germination is also potentiated by a prior sublethal heat treatment termed heat activation (17) .
While normally the great majority of spores in populations germinate relatively rapidly in response to nutrient germinants, a small percentage of spores germinate extremely slowly. These spores that are refractory to nutrient germination have been termed superdormant spores and are a major concern for the food industry (8) . Recently superdormant spores of three Bacillus species have been isolated by repeated germination of spore populations with specific nutrient germinants and isolation of remaining dormant spores (5, 6) . These superdormant spores germinate extremely poorly with the nutrient germinants used in superdormant spore isolation, as well as with other nutrient germinants. All of the specific defects leading to spore superdormancy are not known, although an increased level of receptors for specific nutrient germinants decreases levels of superdormant spores obtained with the nutrients that are ligands for these receptors (5) . Superdormant spores also have significantly higher temperature optima for heat activation of nutrient germination than the spore population as a whole (7) .
In contrast to the poor germination of superdormant spores with nutrient germinants, superdormant spores germinate normally with dodecylamine and Ca-DPA (5, 6 ). This is consistent with possible roles of nutrient germinant receptor levels and/or heat activation temperature optima in affecting spore superdormancy, since neither dodecylamine nor Ca-DPA triggers Bacillus spore germination through nutrient germinant receptors, and germination with these agents is also not stimulated by heat activation (11, 15, 17) . However, the effects of high pressures, peptidoglycan fragments, and bryostatin, all of which almost certainly trigger spore germination by mechanisms at least somewhat different than triggering of germination by nutrients, dodecylamine, and Ca-DPA (2, 3, 11, 15, 20, 22, 23) , have not been tested for their effects on superdormant spores. Consequently, we have compared the germination of dormant and superdormant spores of two Bacillus species by high-pressures, peptidoglycan fragments, and bryostatin.
The spores used in this work were from Bacillus subtilis PS533 (16), a derivative of strain 168 that also carries plasmid pUB110, providing resistance to kanamycin (10 g/ml), and Bacillus cereus T (originally obtained from H. O. Halvorson). Spores of these strains were prepared and purified as described previously (6, 10, 12) . Superdormant spores of B. subtilis were prepared by germination following heat activation at 75°C for 30 min by two germination treatments at 37°C with 10 mM L-valine for 2 h, followed by isolation of remaining dormant spores, all as described previously (5, 10, 12) . These superdormant spores germinated extremely poorly with 10 mM valine at 37°C, giving Յ10% germination in 2 h at 37°C, while the initial spore population exhibited Ͼ95% germination under the same conditions (data not shown). Superdormant B. cereus spores were isolated similarly, although heat activation was at 65°C for 30 min and the germinant was 5 mM inosine as described previously (6) . These superdormant B. cereus spores exhibited Ͻ5% germination with inosine in 2 h at 37°C compared to the Ͼ95% germination of the initial dormant spores under the same conditions (data not shown).
High-pressure germination of dormant and superdormant spores. For high-pressure treatment, 1.5 ml spores at an optical density at 600 nm (OD 600 ) of 1 in 50 mM Tris-HCl buffer (pH 7.4) that were or were not heat activated as described above shortly before pressure treatment were added to multiple sterile pouches (VWR International, Mississagua, ON, Canada), and the pouches were heat sealed after expelling as much air as possible. Pressure treatment was carried out at either 37°C and 150 MPa of pressure or 50°C and 500 MPa of pressure in a PT-1 Research System pressure unit (Avure Technologies, Kent, WA) using water as the hydrostatic medium (21) . Pouches were removed after various times of pressure treatment as well as after no pressure treatment and opened, and samples were frozen prior to analyses. Control experiments showed that neither the incubation temperatures used nor the freezing had effects on either spore viability or germination (data not shown). To assess the germination of the pressuretreated spore samples, the spores recovered from pouches were centrifuged in a microcentrifuge, the pellet resuspended in 25 l H 2 O, and 300 to 400 spores were examined by phasecontrast microscopy to determine the percentage of spores that had gone through germination. The results of this experiment were clear: dormant and superdormant spores of either B. cereus or B. subtilis exhibited almost identical rates of germination with a pressure of 150 MPa, and this was also the case when the pressure treatment was at 500 MPa (Fig. 1A to D) . In addition, prior heat activation had no notable effect on the rates of spore germination with pressures of either 150 or 500 MPa.
Germination of dormant and superdormant spores with peptidoglycan fragments and bryostatin. Dormant and superdormant B. subtilis spores were assayed for germination with peptidoglycan fragments, either purified fragments or those released from growing B. subtilis cells, and bryostatin as pre- subtilis were prepared and purified, and superdormant spores were isolated after two germination treatments with L-valine (B. subtilis) or inosine (B. cereus) as described in the text. Spores at an OD 600 of 1 in 50 mM Tris-HCl (pH 7.4), either without or with heat activation as described in the text, were treated with either 150 MPa of pressure at 37°C or 500 MPa of pressure at 50°C. At various times of pressure treatment, 1-ml samples were taken, rapidly frozen and subsequently thawed, and centrifuged in a microcentrifuge; pellet fractions were suspended in 25 l water; and spores were examined by phase-contrast microscopy to determine the percentage of spore germination. E, dormant spores, no heat activation; F, superdormant spores, no heat activation; ‚, dormant spores, heat activated; and OE, superdormant spores, heat activated.
viously described (20) . Spores at a concentration of 10 7 per ml were incubated for 60 min at 37°C with either nongerminating buffer, purified B. subtilis peptidoglycan fragments (50 M), cell-free supernatant fluid obtained from a culture of B. subtilis grown to an A 600 of ϳ1.0 in Tris-Spizizen-salts (TSS) medium and containing released peptidoglycan fragments (20) , or bryostatin (10 M) in 50-l reaction mixtures. The extent of germination was determined by measuring CFU following heat treatment of the spores for 20 min at 80°C and growth overnight on plates at 37°C. Superdormant spores and dormant spores germinated similarly in response to purified peptidoglycan fragments and bryostatin. Why germination with these molecules is not complete is not known, although the extent of germination is not different between the two types of spores. The dormant and superdormant spores do germinate to different extents with cell-free supernatant fluid from a B. subtilis culture (Table 1 ), but it is not clear if this difference is a reflection of differences in the manner in which the two types of spores were isolated, or some intrinsic difference in these spores' properties.
Conclusions. The results in this study allow a number of new conclusions about superdormant spores of Bacillus species. First, superdormant B. subtilis spores germinate relatively normally with both bryostatin and peptidoglycan fragments. These two agents appear to trigger B. subtilis spore germination by activating a eukaryotic-like membrane-bound Ser/Thr protein kinase that contains an extracellular domain capable of binding peptidoglycan (20) . As noted above, the only mediators of spore superdormancy identified to date are levels of nutrient germinant receptors and the temperature of heat activation (5, 7), and neither heat activation nor nutrient germinant receptors are involved in spore germination triggered by bryostatin or peptidoglycan fragments (20; unpublished observations).
The second major conclusion is that superdormant spores of at least two Bacillus species also germinate normally with a pressure of 500 MPa. Again this is not completely surprising, since spore germination triggered by this level of pressure does not involve the nutrient germinant receptors and does not appear to require heat activation prior to spore germination (2, 22, 23) , as was confirmed in the current work for dormant and superdormant spores of B. cereus and B. subtilis.
The third major conclusion is that superdormant spores of B. cereus and B. subtilis also germinate normally with a pressure of 150 MPa. This was somewhat surprising for two reasons. First, spore germination triggered by this level of pressure depends on the nutrient germinant receptors, and at least large increases (20-to 200-fold) in levels of nutrient germinant receptors result in significant increases in rates of spore germination with 150 MPa of pressure (2, 22, 23) . Second, there are at least some reports that spore germination by this level of pressure is increased by prior heat activation (4, 9) . However, there are no data on effects of small decreases in nutrient germinant receptor levels on germination by 150 MPa of pressure, and perhaps these effects on pressure germination are minimal compared to effects on nutrient germination, especially if there is significant cooperativity between nutrient germinant receptors in nutrient germination (as has been suggested in reference 1), but not in pressure germination (2) . It is also by no means proven that superdormant spores have decreased levels of nutrient germinant receptors, although this has been proposed to be the case (7) . With regard to our observation of the absence of an effect of heat activation on spore germination with 150 MPa of pressure, a number studies have also found that the great majority of individual spores in populations of B. subtilis and B. cereus germinated well with pressures of ϳ150 MPa, even without heat activation (2, 14, 22, 23) . In contrast, the extent of nutrient germination of the B. cereus and B. subtilis spore preparations used in the current work was increased from 2.5-fold (B. subtilis with L-valine) to fourfold (B. cereus with inosine) by heat activation for 30 min at 65°C (B. cereus) or 75°C (B. subtilis) (data not shown).
The result that spores of two Bacillus species that were superdormant for nutrient germination still germinated normally under high-pressure conditions may have important implications for the well-documented phenomenon that pressure germination of spores of Bacillus species is often not complete. Indeed, this latter observation is a major reason that highpressure treatment has not achieved wider utilization in the food industry, as a small percentage of spores often fail to germinate readily upon high-pressure treatment and are thus very difficult to kill. The factors that cause some spores in populations not to germinate with high pressure are not clear. However, the current work suggests that these factors are not identical to those responsible for spore superdormancy for nutrient germination. Consequently, it might be fruitful to isolate and characterize spores that are superdormant with regard to germination by pressures of both 150 and 500 MPa. a Dormant and superdormant spores were incubated with the indicated agents for 60 min at 37°C prior to heat inactivation of germinated spores as described in the text and plating on Luria broth agar plates (20) . The percentage of spore germination was calculated based on CFU obtained using nongerminating buffer as a negative control (0% germination). The data are from three different experiments, and averages are from multiple experiments with the same spore preparation. 
